γ B 28 is a recently established high pressure phase of boron. Its structure consists of icosa hedral B 12 clusters and B 2 dumbbells in a NaCl type arrangement (B 2 ) δ+ (B 12 ) δand displays a significant charge transfer δ ~ 0.5-0.6. The discovery of this phase proved to be essential for the understanding and construction of the phase diagram of boron. It was first experimentally obtained as a pure boron allotrope in early 2004 and its structure was discovered in 2006. This paper reviews recent results and contentious issues related to the equation of state, hardness, putative isostructural phase transformation at ~40 GPa, and debates on the nature of chemical bonding in this phase. Our analysis confirms that (a) calculations based on density functional theory give an accurate description of its equation of state, (b) the reported isostructural phase transformation in γ B 28 is an artifact, (c) the best estimate of hardness of this phase is 50 GPa, (d) chemical bonding in this phase has a significant degree of ionicity. Apart from presenting an overview of the previous results within a consistent view grounded in experiment, thermodynamics and quantum mechanics, we present new results on Bader charges in γ B 28 using different levels of quantum mechanical theory (GGA, exact exchange, and HSE06 hybrid functional), and show that the earlier con clusion about a significant degree of a partial ionicity in this phase is very robust. An additional insight into the nature of the partial ionicity is obtained from a number of boron structures theoretically constructed in this work.
INTRODUCTION
Boron is an element with interesting and complex chemistry, many details of which are still not well under stood. At pressures below 89 GPa it adopts structures based on icosahedral B 12 clusters with multicenter bonds within the icosahedra and 2 center and 3 center bonds between the icosahedra. At least 16 crystalline allot ropes have been reported [1] , but crystal structures were determined only for 4 modifications and most of the reported phases are likely to be boron rich borides rather than pure elemental boron [1] [2] [3] . Until 2007, it was the last light element, for which the ground state was not known even at ambient conditions (the debate whether α B 12 or β B 106 is stable at ambient conditions, was finally resolved in 2007-2009 by ab initio calcu lations of three different groups [4] [5] [6] , which all concluded in favor of β B 106 and against common intuition that favored the much simpler α B 12 structure). Among the reported phases of boron, probably only four cor respond to the pure element [1, 2]: rhombohedral α B 12 and β B 106 phases (with 12 and 106 atoms in the unit cell, respectively), tetragonal T 192 (with 190-192 atoms/cell) , and the newly discovered γ B 28 (Fig. 1) .
The history of the discovery of γ B 28 has a twist. In 1964 R.H. Wentorf found that both β B 106 and amor phous boron transformed into some other phase at pressures above 10 GPa and temperatures of 1800-2300 K [9] . Wentorf reported a qualitative diffraction pattern of the product, but could not determine the structure or even the unit cell parameters, and, perhaps most seriously (in view of boron's sensitivity to impurities, e.g., such compounds as PuB 100 or YB 66 are known), he did not determine the chemical composition of his mate rial. For that time, it was a state of the art work, but nevertheless, it was not accepted by the community, and Wentorf's paper remained essentially uncited for over 40 years and his diffraction data were deleted from the Powder Diffraction File Database. However, now it can be stated that with good likelihood Wentorf had syn thesized the phase, now known as γ B 28 [7] , in mixture with other phase(s). Working with pure boron, J. Chen and V.L. Solozhenko independently (in February and April 2004, respectively) found a new phase of pure boron at pressures above 10 12 GPa and temperatures above 1500 K. Although Chen managed to determine the unit cell parameters of the new phase (orthorhombic cell with a = 5.0544 Å, b = 5.6199 Å, c = 6.9873 Å), neither he nor Solozhenko succeeded in solving its structure. In 2006, Chen posed this problem to Oganov, with the idea that Oganov's USPEX method for predicting crystal structures [10] could be used for solving this problem. The structure (Fig. 1d ) was solved within 1 day 1 . This established the existence, structure and stabili ty of a new boron allotrope named γ B 28 [7] . USPEX [10, 11] is an ab initio evolutionary algorithm, which searches for the structure with the lowest the oretical thermodynamic potential and requires no experimental information. However, the use of experimen tal cell parameters as constraints simplifies search and we took advantage of it. From densities of other boron phases, we estimated the number of atoms in the cell at between 24 and 32. Since this number has to be even to produce an insulating state, we considered cases of 24, 26, 28, 30 and 32 atoms/cell. Figure 2 illustrates this search process by the sequence of lowest energy structures in each generation for the 24 atom system. The first (random) generation did not contain any icosahedral structures. Increasingly larger fragments of the icosahedra appear during the calculation, until in the 11th generation the lowest energy structure is found. Figure 3 shows the lowest energy structures for each number of atoms in the unit cell. The 28 atom Pnnm structure (Fig. 1d ) was found even faster (in 4 generations) and had the lowest enthalpy per atom, correct 1 But it took much longer to publish the results. The paper was submitted to Nature on 27 January 2007 and it took 2 years to publish it (the paper came out on 28 January 2009). During this period, Oganov and Chen learned about Solozhenko's independent work and the two teams merged. 
